Improvements in living standards have resulted in consumers having higher expectations for chicken meat quality. This is particularly true in Asia, where there is high consumer preference for local breeds. Nothing is presently known about the effectiveness of using genomic selection (GS) strategies in chickens to genetically improve meat quality traits that cannot be measured in living potential parents. In this study, 724 Beijing-You chickens were used as a training population; all were genotyped using Illumina 60K SNP chips, and intramuscular fat content in breast muscle (IMF br ) was measured. Birds in the GS line were selected based on genomic estimated breeding values, IMF br being the sole trait. Genetic progress in one generation was compared to that from conventional family-based selection, and both were evaluated against random-bred controls. Results showed that relative to the random-bred controls, IMF percentage was improved 9.62% using GS, comparable to the 10.38% improvement using family-based selection. We quantified the effectiveness of GS when applied to a meat quality trait with low heritability in chickens. We plan to introduce custom SNP chips, appropriate for native chicken breeds in China, to assist in applying GS in local breeding and accelerate genetic gain.
The annual production of meat-type chickens in China exceeds 10 billion in number and ranks first in the world. Chicken products are derived from introduced, genetically improved and rapidly growing white-feathered broilers and from indigenous yellow-feathered meat-type chickens. The latter, accounting for nearly 50% of chickens marketed for meat consumption, includes numerous local varieties and their crossbreds. Yellow-feathered meat-type chickens best satisfy local consumer preferences for good flavor, but there is some variation in other attributes of meat quality. As widely recognized in the introduced commercial breeds, genetic improvement of growth rate and meat yield has come at the cost of a decline of meat quality. Accelerating genetic progress in key economic traits while enhancing meat quality is a critical and urgent task in the breeding of meat-type chickens.
Intramuscular fat (IMF) is the generic term for lipids deposited within and in close proximity to muscle fiber bundles and is considered an important index of meat quality, as it strongly affects flavor and tenderness (Hocquette et al. 2010; Warner et al. 2010) . In conventional breeding programs, the IMF trait has low heritability (Chen et al. 2008) and cannot be measured in live birds. Based on IMF measurements for slaughtered half-sibs or full-sibs, a mean family value can be obtained, enabling family-based selection (Zhao et al. 2007) . Meuwissen et al. (2001) proposed the genomic selection (GS) method, which uses genome-wide SNP information in combination with quantitative molecular genetics statistical methods. It has the advantages of enhancing selection strength, improving genetic evaluation accuracy of traits and, often, reducing generation intervals. Accuracy of genomic prediction has been assessed for growth, carcass, feed efficiency and production traits in Chinese local chickens, commercial broilers and/or layers (Wolc et al. 2011; Liu et al. 2014 Liu et al. , 2017 Lourenco et al. 2015; Yan et al. 2018) and has been shown to improve the accuracy of estimated breeding values (EBVs). This approach is now being used by all major poultry breeding companies in their breeding programs (Wolc 2014) . There is a single report (Wolc et al. 2015) on using GS in a real-world application in chicken breeding. In the present study, we aimed to explore genetic progress using GS technology for a meat quality trait (IMF) and assess if it has an advantage over the use of conventional family-based selection.
Materials and methods
Using Beijing-You chickens, a training population of 728 chickens was genotyped using 60K SNP chips and phenotyped, particularly for IMF. In the GS line, sires were selected using estimates of their genomic estimated breeding values (GEBVs). This method was compared with traditional family-based selection (Fig. 1) .
The base chicken population was established with founder animals (G0) comprising 50 sires and 250 dams chosen at random from conservation stock of Beijing-You chickens maintained by the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (CAAS). First generation (G1) sires (n = 724; four excluded during genotyping) from one batch of hatchlings with both genomewide genotypes and phenotypic records were used as the training population.
Thirty sires and 90 dams were randomly chosen from the 50 sires and 250 dams and were used to establish three lines: one for selection with GS, the other two for selection using the conventional family-based method and the nonselected random-bred controls. For the GS line, 150 G1 sires were genotyped and GEBVs were calculated from the genomic best linear unbiased prediction (GBLUP) model using the training population and GS population. The 30 top-ranked sires were chosen and bred with the 90 dams, chosen because they had full-sib sires with high GEBVs. For the family-based selection line, three or four G1 sires from each full-sib family were slaughtered, the IMF in breast muscle was measured and the mean family value of IMF was determined.
Records were obtained for 90 full-sib families, using 280 phenotyped males. The families with the highest mean family IMF value provided the 30 sires, and each was bred to three females, also from families with a high mean family IMF value. Breeding started at 41 weeks of age, and there was no mating between full or half sibs. For both GS and family-based selection, no more than four females from any selected family were used. For the non-selected controls, semen was pooled then used to artificially inseminate the hens on the same day.
All birds were wing-banded after hatching and reared under the same conditions in stair-step caging at the experiment station of the Institute of Animal Sciences, CAAS. Chickens were fed the same commercial corn-soybean-based diets ad libitum. The diets contained 12.12 MJ/kg and 20% CP from 0 to 8 weeks, then 11.7 MJ/kg and 17% CP after 9 weeks; water was provided ad libitum throughout.
A total of 728 sires from the G1 training population and 280 G1 sires from the family-based selection line were used for measurement of the IMF in breast muscle (IMF br ) trait. These birds were slaughtered at 100 days, and carcass weight (CW; including feet and head) and breast weight (BrW) were recorded. For the 358 G2 chickens from all lines, CW, BrW, IMF br , ultimate pH (pH u ) and drip loss of the pectoralis major muscle were measured. The measurements and data were obtained as described in Liu et al. (2013) . The IMF was measured by Soxhlet extraction with anhydrous diethyl ether and was expressed as a percentage of muscle dry matter.
Genomic DNA was extracted from blood samples of the 728 sires of the G1 training population and the 150 G1 sires of the GS line. Each chicken was genotyped using the Illumina 60K Chicken SNP BeadChip (DNA LandMarks, Inc.). Four chickens were excluded because their sample call rate was less than 90%. A total of 12 335 SNPs were removed for one or more of the following reasons: call rate (<95%), minor allelic frequency (<0.01) and Hardy-Weinberg equilibrium test (P < 1E-06). A total of 45 301 markers were used after quality control.
The following GBLUP model was used to estimate GEBVs exclusively for IMF br :
where Y is a vector of phenotypic values; B is a vector of fixed effects (including overall mean); X is 1, and the fixed effects were not included in the model because chickens with same sex and batch were used in the training population; U is a vector of random additive genetic effects; E is a vector of random residuals; and Z is the corresponding design matrix. The (co)variance matrices of U and E are as follows:
varðUÞ ¼ Gr built using Vanraden's (2008) method. Allele frequencies used to construct G were estimated from the observed genotype data, and both the training population and the GS population were included. Variance components were estimated using AI-REML implemented in the DMU package (Madsen & Jensen 2013) . Differences among the three populations in G2 were assessed by one-way analysis of variance using the GLM procedure of SAS software version 9.2 (SAS Institute).
Results and discussion
Full descriptive statistics of the phenotypic measurements taken from the 724 individuals in the training population are given in Liu et al. (2013) . Relevant to the current study, the training population CW mean value was 1.22 kg (SD = 0.13) and BrW was 140.1 g (SD = 24.3). The coefficients of variation (CV) were 11.25 and 17.32 respectively, which were consistent with the characteristics of a conservation population. The population mean value for IMF br was 2.43% (SD = 0.88%) and CV was 36.1%. For this specific evaluation of the utility of GS, the single trait IMF br was considered.
Based on the genotypes of the 724 individuals from the training population, the heritability (h 2 ) estimates of IMF br and BrW were 0.116 and 0.388 respectively ( Table 1) . The estimated heritability of IMF was low, as found earlier (Chen et al. 2008) .
In G1 of the GS line, the GEBVs for 150 sires ranged from À4.62E-04 to 1.35E-03. Thirty sires with the highest GEBVs, ranging from 7.81E-04 to 1.35E-03, were selected. The 90 dams selected from 38 full-sib families had full-sib sires with high GEBVs, ranging from 6.78E-04 to 1.35E-03 (Fig. 2a) .
In G1 of the family-based selection line, the mean family value of IMF in 90 families ranged from 1.29% to 3.88%.
The 30 sires were selected from the 20 highest-ranked families (values ranging from 2.82% to 3.88%). The 90 dams were selected from 40 families with high values, ranging from 2.37% to 3.88% (Fig. 2b) .
The differences among the three lines after one generation of selection for IMF br are presented in Table 2 . There were no significant differences (P > 0.05) in CW, BrW, pH u or drip loss. Selection for increased IMF in breast muscle (dry weight basis) resulted in a significant difference (0.25-0.27%, P < 0.05) in the target trait, both between GS and controls and between family-based selection and controls. Relative to the random-bred controls, the IMF percentage improved by 9.62% (GS) and 10.38% (family-based) in one generation; genetic progress in the GS line was almost the same as with conventional selection. All genotype and phenotype data have been submitted to the public repository: https://www.animalgenome.org/share/tmp/GOB153 5091383.zip.gz.
The genetic gain of IMF in breast muscle with the conventional selection program was consistent with a previous report (Jiang et al. 2017 ) using another Chinese yellow-feathered breed (JingXing), which showed 5-11% progress each generation. The reason why genetic progress in GS was not superior to the conventional selection stems from at least two reasons. First, the Illumina chicken 60K SNP chip used in the current study is not optimal for meatquality traits in Beijing-You chickens because its locus information was generated from genomic information of four genetically improved commercial lines, two meat-type and two egg-type (Groenen et al. 2011) . Thus, it lacks SNP loci relating to meat quality traits in Chinese indigenous breeds. Our earlier GWAS analysis in these Beijing-You chickens failed to demonstrate SNPs with genome-wide significance related to IMF, and only two had suggestive significance (Liu et al. 2013) . The basic principle undergirding GS is that SNPs are assumed to be at linkage disequilibrium with QTL in the genome. If genetic markers close to the QTL are available, the GS is as accurate as geneassisted selection (de Roos et al. 2007) . The study by Zhang et al. (2015) showed that selection for similar traits in different chicken breeds actually resulted from selection of different genes. As a result, it will be necessary to perform GS based on custom-developed genome-wide SNP chips that are more suitable for the target breed.
Another possible reason constraining the present performance of GS could stem from the size of the training population. The gains in accuracy provided by molecular information were low, ranging from 0.05 to 0.27 (Rupp et al. 2016) given the small size of the training populations, ranging from 1900 for one breed to 8000 for multi-breeds (Mrode et al. 2018) . When GS was implemented in chicken breeding by Wolc et al. (2015) with 2708 genotyped birds in the training population, its advantages were apparent from the phenotypic superiority of almost all egg production traits included in the selection index for the GS line.
The present study demonstrates the potential utility of GS for improving chicken traits with low heritability and that are not able to be measured in live birds. In China, indigenous yellow-feathered meat-type chickens are highly diverse (>100 local breeds and 70 crosses) and thus the market share of each is relatively small. The major obstacle in applying GS for improvement of local breeds is the cost of genotyping, which currently exceeds 300 RMB (~US$ 50) per bird for the 50K SNP chip in China, for example. Improvements in chip design from combined SNPs of multiple dominant local breeds might provide the opportunity to maximize the numbers of SNP arrays used, appreciably reducing the cost of the testing platform and thereby making implementation of GS feasible.
In addition, combining GS with conventional tools for selection will be examined in the next phase of genetic improvement of indigenous poultry breeds in China. In particular, for Beijing-You chickens, the next step will be to exploit the utility of SNP arrays consisting of relevant traitrelated markers and thereby efficiently increasing genetic gain.
